There are concerns about the possible increase in the solubility of radionuclides due to the presence of superplasticizers proposed to be added to cementitious materials in a radioactive waste repository. The concentration and molecular weight of a polycarboxylate type SP in hardened cement pastes has been investigated experimentally in this work. The measurement of total organic carbon in both the pore water extracted from hardened cement pastes by compression and the curing water was performed. Organic substances present in pore solution were analyzed to investigate the type and molecular weight of the chemicals. It was found that most SP (more than 90%) remained in the solid phase. Organic substance of a low molecular weight was detected in the pore water by gel permeation chromatography, possibly due to selective adsorption of a high molecular weight part of SP.
Introduction
Cementitious materials are being considered for use in the engineered components of a radioactive waste repository (Japan Atomic Energy Agency and The Federation of Electric Power Companies of Japan, 2007) . In order to improve the workability of the fresh concrete, there is every possibility of using an organic admixture, including superplasticizers (SP). However, since there are concerns about the possible increase in the solubility of radionuclides due to complex formation with soluble organic substances, evaluating the concentration and the chemical form of SP is essential for the safety assessment of radioactive waste disposal. Greenfield et al. (1998) carried out a number of different radionuclide solubility experiments in cement-equilibrated water in the presence of two types of SP. They reported that radionuclide solubility increased according to the concentration of SP. However, the experiments were performed using dissolved SP which was not leached from hardened ordinary Portland cement (OPC), such that their results would be not directly applicable to a real repository scenario. For the safety assessment of radioactive waste disposal, it is essential to investigate the effects on the concentration and structure of organic admixtures in pore water of hardened OPC and how this might impact on radionuclide solubility.
There have been a large number of research reports focusing on the measurement of organic admixture adsorption on cement particles, synthetic clinker minerals and synthetic hydrates minerals (Blank et al. 1963; Uchikawa et al. 1995; Nakamura et al. 1995; Hanehara and Yamada 1999; Yamada et al. 1999; 2001) . However, very few relate to admixture in pore water of the hardened cementitious material.
Therefore, the authors investigated experimentally the concentration and chemical form of SP in pore water of hardened cement pastes. In this work, pore water was extracted from hardened cement pastes by a high compression method. The TOC of the pore water and curing water were measured, consequently the concentration of SP in pore water was evaluated. A part of the pore water was analyzed by GPC and the chemical form of SP in the pore water was discussed.
Experiment

Samples
Two types of cement were investigated in this work : (i) high-volume fly ash and silica fume cement (HFSC) (Mihara et al. 2008; Galle et al. 2002) and (ii) OPC. HFSC is low alkaline OPC blend cement containing a large amount of pozzolanic materials, which is being considered as a suitable construction material in a radioactive waste repository.
The blend ratio of HFSC is shown in Table 1 . Fly ash from the Takasago thermal power station of Kansai Electric Power Co., Inc. in Japan, and Elkem Microsilica 983VSB Silica fume in Norway were used. OPC as a constituent material of HFSC was used without regrinding, but in order to reduce bleeding, was reground to a Blaine specific surface area of 4,270cm 2 /g in the OPC experiments. Commercially available polycarboxylic acid type SP was used in the mix proportions detailed in Table 2 . Figure 1 shows the molecular structure of the SP before pH adjustment of manufacturing process. The SP contains Na after pH adjustment process. The average molecular weight of the SP polymer was 4.0×10 4 g mol -1
as weight average, and the content of organic component in the liquid SP was 18%. The pore water of hardened cement paste of high water/cement ratio (W/C) may be easily obtained using the high pressure squeezing method. However, bleeding occurs in the specimen, which makes subsequent evaluation of the concentration of SP in pore water more difficult. Preliminary experiments were performed for OPC paste with 1% of SP to determine W/C of cement paste for the high compression method. Forty percentages of W/C was found to be optimum within the limit of disappearance of bleeding after 24 hours. HFSC paste requires more SP (2 wt %) than OPC because of its higher viscosity.
HFSC and OPC pastes were molded into φ5×10cm cylindrical steel disposable type molds washed with acetone. Molded cement pastes were hermetically-sealed cured until demolding. The time until demolding for OPC was 24 hours, and for HFSC was 48 hours. The test pieces after demolding were cured in ion-exchange water of polyethylene bottles one by one. The mass ratio of curing water and the hardened cement paste was 2.
The maximum length of curing for OPC was 28 days but 91 days was required for HFSC which has a sluggish hydration reaction. Mixing, molding and curing were carried out at 20°C.
Compressive extraction of pore water
Compressive extraction (Barneyback and Diamond, 1981) was used to obtain the pore water from hardened cement pastes after each curing time. Uniaxial compressive load of 100 ton⋅force was placed on a test piece for 300 seconds to squeeze the pore water.
Analysis
The squeezed pore water was promptly analyzed for Total Organic Carbon (TOC). The TOC concentration of each bottle of curing waters was also measured. The authors assumed that differences in the TOC concentration from the blank pastes compared to the pastes with SP added originated from the SP, which was converted into the SP concentration. For this conversion, the authors used the calibration line prepared by measurement of TOC concentration of a diluted SP solution of different concentration. The ratio of the amount of dissolved SP in both pore water and curing water to total amount of SP added at mixing is defined as "residual ratio of SP". Table 3 shows the calculation for the residual ratio of SP. The residual ratio of SP signified the leaching behavior of the organic constituents of the SP, because the SP concentration was calculated from the TOC concentration. The amount of SP leached in the pore water was calculated by SP concentration and porosity, based on the assumption that the pore space is filled completely with the liquid phase and was represented by the composition of the extracted pore water. Porosity was measured by mercury intrusion porosimetry on separate hardened pastes cured under identical conditions. Extraction and TOC analysis was carried out in triplicate for each hardened cement paste and an average value was used.
For the pore water from HFSC paste cured for 28 days, the column retention time was measured for the organic matter by gel permeation chromatography (GPC), and relative molecular weight distribution was compared with the original SP. The column used for the GPC analyzer was selected considering the molecular weight of target matter and resolving power, and connected in a series of two columns of SB-803HQ and SB-802.5HQ Shodex manufactured. The temperature of the column oven was 40℃, and the eluting solvent was a solution of 50mmol dm -3 of NaNO 3 which flowed at a velocity of 0.8 cm 3 /min. The used detector was Shodex RI-71. Table 4 shows the TOC concentrations for curing water and pore water of each test piece. In both cases, addition of SP caused an increase in TOC concentration in the pore water and curing water, confirming that leaching of SP was occurring. Table 5 shows the calculated concen tration of SP from the TOC, porosity, mass of test pieces and corrections made for the blanks. Nevertheless, although the added amount of SP for HFSC was larger than for OPC, the SP concentration of the pore water was Table 2 Mix proportion of cement pastes. Figure 2 summarizes the relationship between curing time and residual ratio of SP in each cement pore water. For OPC, the residual ratio increased with age, and was approximately 7.5% after 28 days. It became clear that more than 90% of the SP remained in the solid phase. For HFSC, the residual ratio was even lower than for OPC, and furthermore, a decreasing tendency with age was recognized. The residual ratio after 91 days was lower than 4%. Figure 3 shows the relationship between molecular weight and GPC retention time of polyethylene glycol standard material which has a distinct molecular weight. There was linear relation between logarithmic values of the molecular weight and the retention time. As the molecular weight of polyethylene glycol decreases, the retention time becomes longer. Figure 4 shows the GPC of the 0.1% SP solution. The large peak with a retention time of approximately 15 minutes is assigned to the SP major constituent polymer. The existence of some small peaks beyond the retention time of 15 minutes indicates the existence of substances other than the main constituent with a small molecular weight. Figure 5 shows the chromatogram of the extracted pore water from hardened HFSC pastes cured for 28 days. A peak assigned to the SP major constituent polymer was undetected for pore water from the HFSC paste with added SP as well as for plain paste. Although the limit of detection of the SP major constituent polymer was in the range of 0.01 %, it was converted into less than 10 mg dm -3 in the TOC concentration. Thus, from the TOC concentration in the pore water, if the dissolved organic matter is mainly SP polymer, the concentration would be sufficient for detection. In the pore water from SP added paste, a large peak emerged around 24 minutes which was not recognized in the pore water of the hardened plain HFSC paste. It is assumed to correspond to the increased TOC than the pore water from plain paste. This organic matter has a low molecular weight and is not a macromolecule like the SP main constituent.
Results
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Discussion
From the residual ratio of SP calculated from the TOC measurements, the authors found that for both hardened OPC and HFSC pastes, the majority of SP added at mixing remained in the solid phase. The residual ratio of SP defined in this work is possibly considered 'the proportion of unabsorbed SP' and the absorption ratio is more than 90%. For research relating to the amount of adsorption of polycarboxylic acid type SP for Portland cement in a fresh state, previously reported amounts of SP adsorption are quite variable, in the range of approximately 20-50%, (Yamada et al., 1999 ), 35-60% (Nakamura et al., 1995 and 61-66 % (Uchikawa et al., 1995) . These values are all notably lower than the value measured in this work, although it is not possible to compare directly with previous studies, because of the different experimental conditions such as kind of SP, mix proportion and cement clinker composition. It is thought that the higher SP adsorption reported here is affected by physical adsorption in addition to chemical absorption. Although there are few example studies relating to admixture adsorption after hardening, Hayakawa et al. (1990) reports almost no existence in the pore water below the detection limit, from results of measurements of concentration of acrylic and cellulose ether type antiwashout admixture in hardened pastes, by compressive extraction of test pieces cured for 28 days. Onofrei et al. (1989) reports results from leaching tests of simulated groundwater, using hardened pastes of silica fume blended sulfate resistant Portland cement with the addition of naphthalenesufonate type SP. The large absorption of SP on mainly calcium aluminate hydrates, C-S-H gel and the leached SP, which was confirmed as a cumulative residual amount, was extremely small.
For the two kinds of cement used in this work, the SP residual ratio of HFSC was smaller than for OPC. For research on naphthalene SP (Nagataki et al., 1984) , the amount of adsorption on fly ash itself, excluding unburnt carbon, is about half smaller than on OPC. However, the reports also show a larger amount of adsorption than on OPC according to the kind of fly ash, and the diverse changes in the amount of adsorption due to the adsorption ability of unburnt carbon rather than the content. Therefore, unburnt carbon in fly ash may be one of the reasons that the leached SP from HFSC is smaller than that from OPC. Moreover, silica fume in HFSC has large specific surface area and it adsorbs a large amount of SP (Collepardi et al., 1981) . Onofrei et al.(1989) report that the addition of silica fume leads to an increase in the SP amount, as shown by leaching tests of hardened pastes. The cause of this may be due to the weak SP adsorption at SiO 2 rich sites on unreacted silica fume . Whichever the case, for the hardened cementitious material, there is a large effect from hydration products and the explanation of just adsorption for unreacted cement particle and pozzolanic material is not sufficient. Moreover, in addition to chemical absorption as discussed above, physical adsorption caused by the growth of hydrates is thought to be a significant factor. Furthermore, many other properties differ between OPC and HFSC, such as the pore water pH and composition. For the reduction of SP residual ratio with progress of curing time for HFSC, the cause is thought to be the reduction of unreacted pozzolanic material which has low adsorption ratio of SP, and the physical adsorption to hydration products by progressive hydration reaction. By SP concentration measurement for the curing water that corresponds to the each test piece, the SP concentration of HFSC was higher than OPC, regardless of the fact that the SP concentration in the pore water was lower for HFSC than for OPC. Thus, as the porosity of HFSC at any age was higher than that of OPC, it is possible that this led to dissolved SP being more accessible enabling large quantities to become mobile.
From the results of GPC analysis, the change in the molecular weight was verified between the organic matter contained in the pore water and the original SP main constituent polymer. Currently, no GPC measurement of curing water was possible without special treatment because of the low concentration of organic matter present, and authors thought GPC measurement of curing water wan not necessarily important by following reasons. So the information was unobtainable on the molecular weight of the dissolved organic elements at the exterior of the test pieces. Thus it is not possible to entirely refute the possibility of the release of the polymer, which exists at the surface region of test pieces, to the curing water at early ages when hydration is insufficient. However, since it is not necessary to hypothesize such phenomena with the actual use of concrete, it is reasonable to discuss the molecular weight of the dissolved organic elements from just the results from the pore water. For reference, the ratio of the mass of SP eluted to curing water (Mc in Table 3) to the mass of all SP added at mixing was 0.4% for OPC aged 28 days, and was about 1.0% for HFSC. However, these values are changeable by altering the experimental conditions such as dimensions of test pieces or starting time of underwater curing.
From the comparison between the small peak in the region of 24-25 min in the GPC of SP diluted solution (Fig. 4) and the large peak in the region of 24-25min in the chromatogram of pore water from hardened paste with the addition of SP (Fig. 5) , both have the same configuration and are likely to have identical constituents. If these constituents are identical, it is considered that only substances with a low molecular weight contained in the SP selectively remained in the liquid phase. These substances with a low molecular weight are presumed to be, for example, unreacted monomers such as methoxypolyethylene glycol, or chain transfer agent. On the other hand, the possibility of decomposition of the main constituent polymer into lower molecular weight substances can not be denied absolutely. But authors think such possibility is not high, because it is known that mathacrylate esters do not readily decompose under alkaline conditions. Under the circumstances described above, if the increased organic matter in pore water is derived from SP, it is estimated that the low-molecular weight substances remained, since the main constituent macromolecular substance was selectively absorbed. On the investigation in the solubility of radionuclides, not only content of the organic substance but also molecular weight and con-figuration is very important. If the SP main constituents are limited to the dissolution of the polymer, at the very least for HFSC, there was no existence of polymer in the liquid phase in the GPC detection range. In this experiment, GPC analyses of pore water were carried out on only the HFSC hardened pastes. However, in a previous study (Fujita et al., 2001) , water immersion experiments of ground hardened pastes of the same material were done and GPC analysis confirmed that only low molecular weight organic matter for OPC as well as HFSC was eluted.
In this work, the authors assumed that the increased organic matter in the liquid phase originated from SP. However, it is not clear if this assumption is correct. It is not possible to refute the possibility that the addition of SP causes more elution of organic matter contained in the original cement, because of the reactive surface of SP itself. Here, the authors investigated the possibility of additional organic matter other than derived from the SP, from the standpoint of the added amount of grinding aid. Table 4 shows the existence of TOC for plain samples in pore water and curing water. Hypothetically, when the amount of these blank TOC are converted into diethylene glycol (DEG) for general grinding aids during cement manufacture, TOC corresponds to 0.026% DEG for unhydrated cement of OPC at a curing time of 28 days. In addition, for HFSC at 28 days, TOC corresponds to 0.011% DEG for total unhydrated HFSC powder, and 0.028% for 40 % OPC contained in HFSC. These values are appropriate for addition ratio of DEG to cement at manufacture, if all TOC of plain pastes is from grinding aid, and if there were no errors in calculations and precision of TOC analysis. In this case, almost all the DEG was eluted in the blank test, and could not affect the SP residual ratio. On the other hand, Sano et al. (2005) reported that part of DEG volatilized during the grinding process at a cement manufacturing factory, and DEG is not completely dissolvable even by solvent extraction. Therefore, the meaning of the TOC values listed above is unclear at the present time. Since the amount of grinding aid is small, the effect on the SP residual ratio would be small even if SP addition causes more elution of grinding aid than in the blank test. Whatever the case, future investigation is necessary on the specification of organic matter with low molecular weight and its affect on nuclide solubility.
Conclusions
The authors investigated experimentally the concentration and chemical form of SP in pore water from hardened HFSC and OPC cement paste. Results are summarized as follows; (1) The SP residual ratio in pore water of hardened pastes calculated from the TOC concentration for OPC was approximately 7.5% (28 days) and for HFSC below 4% (91 days) with the majority remaining absorbed in the solid phase. The uptake of SP by the solid phase suggests that physical adsorption by hydration products occurred and was not only due to chemical absorption in the fresh state. (2) The organic matter in pore water from hardened cement pastes was shown to have significant changes to the chemical configuration from original SP, and selective residues of low molecular weight substances in liquid phase has been inferred. (3) Further investigations on the identify of the dissolved organic matter with low molecular weight are required, including organic matter originally contained in cement such as grinding aid. Furthermore it is necessary to investigate its effect on radionuclide solubility.
